Purpose: We constructed a biomarker-survival modeling framework to explore the relationship between prostate-specific antigen (PSA) kinetics and overall survival (OS) in metastatic castration-resistant prostate cancer (mCRPC) patients following oral administration of 1,000 mg/day of abiraterone acetate (AA).
Introduction
Prostate cancer, especially metastatic castration-resistant prostate cancer (mCRPC; ref. 1) , accounts for a large proportion of the global cancer burden (2) . As androgen signaling remains important to mCRPC progression, androgen suppression therapy remains a rational therapeutic approach. Questions, however, remain about how to more accurately predict therapeutic benefit and long-term survival outcomes for patients with mCRPC.
Abiraterone acetate (AA) is the prodrug of abiraterone, a firstin-class therapy that selectively and irreversibly inhibits 17a-hydroxylase/C17, 20-lyase [cytochrome P450C17 (CYP17)], a key enzyme in androgen biosynthesis (3, 4) . Abiraterone suppresses adrenal and tumoral androgens, resulting in undetectable serum testosterone concentrations (3) (4) (5) (6) . AA plus prednisone has been shown to improve overall survival (OS) and radiographic progression-free survival (rPFS) in patients with chemotherapypretreated (study COU-AA-301) or chemotherapy-na€ ve (study COU-AA-302) mCRPC (7) (8) (9) .
The surrogacy and predictive performance of prostate-specific antigen (PSA) kinetics in mCRPC patients has not been established and contradictory findings have been reported (10) (11) (12) (13) (14) (15) . However, the previous evaluations were based mainly on the data from studies for treatment of mCRPC with chemotherapies. The significant antitumor effect of AA confirms that mCRPC remains hormonally driven and dependent on androgen receptor signaling (16) . Because PSA kinetics may be related to activity at the androgen receptor (17) , the data (i.e., PSA, and clinical outcomes) collected in two phase III studies, COU-AA-301 and COU-AA-302, provided a unique opportunity to apply quantitative modeling to understand the interplay between kinetics of PSA following treatment and survival in mCRPC patients following treatment with AA, a noncytotoxic agent.
We constructed a biomarker-survival modeling framework to link OS with PSA kinetics following AA administration in patients with mCRPC.
Materials and Methods

Study design and data collection
COU-AA-301 and COU-AA-302 were phase III, multicenter, randomized, double-blind, placebo-controlled studies evaluating the efficacy and safety of 1,000 mg daily AA plus 5 mg twice-daily prednisone (abiraterone arm) versus placebo plus prednisone (prednisone arm) in chemotherapy-pretreated and -na€ ve patients with mCRPC, respectively. In COU-AA-301, 1,195 patients were randomized (2:1) into the abiraterone and prednisone arms, whereas in COU-AA-302, 1,088 patients were randomized (1:1). Patients were kept on study treatment until radiographic or clinical evidence of disease progression. Per protocol, PSA progression was not used as the sole indicator for disease progression or as a criterion for treatment discontinuation.
For COU-AA-301, the scheduled PSA measurements were conducted at screening, every three cycles (day 1 of cycles 1, 4, 7), and at the end-of-treatment visit. For COU-AA-302, PSA measurements were taken at screening, day 1 of cycles 1, 3, 5, 7, and 10, every three cycle after cycle 10, and at the end-oftreatment visit. The median number of cycles of AA treatment given was 8 and 15 for COU-AA-301 and COU-AA-302, respectively. Serum PSA concentrations were assessed, with a median of three and six measurements (range, 1-13 measurements) collected per patient. No PSA values were collected after progression on either of the clinical trials. The COU-AA-301 and COU-AA-302 datasets contained 552 (46.2%) and 333 (30.6%) mortality events, respectively.
Details on the study designs have been described previously (7, 9) . Patients with neuroendocrine differentiation were explicitly excluded from these studies. Both studies were approved by the Institutional Review Boards of the participating institutions and were conducted in accordance with the ethical principles of the World Medical Association Declaration of Helsinki. All patients provided written informed consent.
PSA kinetic model
A longitudinal PSA kinetic model was developed to describe PSA kinetics, the antitumor effect of abiraterone, and treatment resistance after AA administration. The models were developed using data from patients who received at least one dose of study drug and for whom a minimum of one post-treatment PSA measurement was available. Initial analysis showed that a tumor growth inhibition model (18-21) best described the longitudinal pharmacodynamic PSA response instead of a biexponential model (22) , a mixed exponential and linear model (23) , or a mixed Weibull and linear model (23, 24) . Details on this model are in Supplementary Appendix SI (Supplementary Table S1 ).
Survival model
Cox proportional hazards (PH) analyses were performed using the survival package in R 2.14.0 (25) . Univariate Cox models were developed for individual model-predicted PSA kinetic endpoints. Multivariate Cox PH models were constructed from selected PSA kinetic endpoints and baseline covariates. Prentice criteria (26) for surrogacy were evaluated using the methods previously described (27) . As rPFS was the coprimary endpoint in COU-AA-302, the association between PSA endpoints and rPFS was also explored using univariate Cox PH models. For the COU-AA-301 and -302, PSA kinetics were estimated separately. Details of this analysis are in Supplementary Appendix SII.
Results
PSA kinetic model
The PSA kinetic model provided an overall excellent adherence to individual PSA concentrations, indicated by a diagnostic plot of the observed and predicted PSA concentrations for individual subjects ( Supplementary Fig. S1 ) as the data are uniformly and closely distributed around the line of identity. The parameter estimates of the final PSA kinetic models for chemotherapypretreated and -na€ ve patients are listed in Supplementary Table  S1 . On the basis of the model, the estimated drug effect (AA þ prednisone vs. prednisone) was similar in both populations. Compared with prednisone alone, treatment effect of AA on the PSA kinetics increased by 1.21-fold (0.93-1.53) and by 1.44-fold (1.14-1.77) for chemotherapy-pretreated and -na€ ve patients, respectively.
A wide range of model-predicted PSA summary endpoints based on the PSA kinetic model (Supplementary Appendix SI) were derived to explore the relationship between OS and PSA kinetics. In addition, PSA response rates (!30, 50, and 90%) based on the observed data were investigated. The descriptive statistics of these PSA endpoints are summarized in Table 1 . Predicted PSA response rates !30, 50, and 90% at week 12 were greater in the abiraterone versus prednisone arms for both chemotherapy-na€ ve and -pretreated patients as well as with other PSA response endpoints evaluated [e.g., maximal% PSA decline, time to PSA nadir, time to progression by both the PSA Working Group 1 (PSAWG1) and Prostate Cancer Working Group 2 (PCWG2) criteria, PSA nadir doubling time and PSA doubling time from baseline (PSADT), observed PSA response rate (!30, 50, and 90%)]. PSA value at the end of treatment was higher (203.9 AE 641.0 vs. 757.1 AE 1,389.8 for chemotherapy na€ ve vs. -pretreated, respectively)
Translational Relevance
As cancer is a heterogeneous disease, it may be difficult to demonstrate survival advantage with novel agents. Modeling analysis may be useful to predict treatment effect of cancer agents by contributing to the understanding of the underlying disease and determining who may derive clinical benefit. On the basis of a biomarker-survival model of the data from two pivotal metastatic prostate cancer phase III trials of abiraterone acetate, the first-in-class androgen biosynthesis inhibitor, we show that survival outcomes can be adequately predicted through prostate-specific antigen (PSA) kinetics and that the Prentice criteria for surrogacy were met for these PSA kinetic endpoints. This model also suggests possible novel approaches to PSA beyond its routine use as an intermediate biomarker, that is, considering PSA kinetics as an early readout at interim/futility analysis to indicate clinical benefit in metastatic prostate cancer patients treated with agents whose activity is dependent on androgen receptor signaling.
with prednisone compared with AA (101.7 AE 288.3 vs. 504.0 AE 1,035.6).
Survival model
In the univariate analysis described in Supplementary Appendices SI and SII, all model-derived PSA measures were significantly associated with OS (P < 0.0001), suggesting that PSA data are highly correlated with OS ( Table 2) .
The model-predicted posttreatment PSADT had the strongest association with OS in chemotherapy-pretreated patients, evidenced by the greatest concordance (0.72). Similarly, PSADT was among the three PSA kinetic measures with the strongest association with OS in the chemotherapy-na€ ve patients. The other two endpoints were time to PSA progression based on the criteria from both PSAWG1 and PCWG2. The PSADT explained most of the variability in the survival data (R 2 ¼ 20%) in both populations. As survival data are often less informative compared with continuous response variables, prognostic factors can often only explain a small fraction of individual variation (30) . Therefore, the modelpredicted PSADT was selected to construct the multivariate survival models. Table 3 presents the HR for each covariate in the final multivariate Cox PH models for chemotherapy-pretreated and -na€ ve patients. For both populations, the PSADT had the strongest association with OS, explaining at least 13% variability in the survival data after adjusting for other significant covariates. The HRs for PSADT in the chemotherapy-pretreated and -na€ ve patients were almost identical (HR $0.9), suggesting similar association between PSA kinetics and OS. That is, as the model-predicted PSADT increased by 1 month, the relative hazard reduced by 10%. Table 2 . Univariate survival analysis of the relationship between model-predicted and observed PSA endpoints and OS PSA progression defined by PSAWG1; defined as a 50% increase in PSA above nadir for patients who experienced a PSA decline of 50% on treatment, a 25% increase in PSA above nadir for patients who experienced a PSA decline <50% on treatment, and a 25% increase in PSA above starting baseline for patients who did not experience any PSA decline on treatment-provided in each case that the PSA increase was at least 5 ng/mL (28) . b PSA progression defined by PCWG2; defined as a rising PSA that is greater than 2 ng/mL higher than the nadir; the rise has to be at least 25% over nadir, and the rise has to be confirmed by a second PSA measurement obtained at least 3 weeks later (29) .
c Based on observed data. PSA progression defined by PSAWG1; defined as a 50% increase in PSA above nadir for patients who experienced a PSA decline of 50% on treatment, a 25% increase in PSA above nadir for patients who experienced a PSA decline <50% on treatment, and a 25% increase in PSA above starting baseline for patients who did not experience any PSA decline on treatment-provided in each case that the PSA increase was at least 5 ng/mL (28) . b PSA progression defined by PCWG2; defined as a rising PSA that is greater than 2 ng/mL higher than the nadir; the rise has to be at least 25% over nadir and the rise has to be confirmed by a second PSA measurement obtained at least 3 weeks later (29) .
c Based on observed data.
From our analysis of covariates (Supplementary Appendix SII), several covariates were important predictors of outcomes in the multivariate survival models. Baseline lactate dehydrogenase explained approximately 5.4% [HR, 2.75 (per log unit rise in IU/L); P < 0.0001] and 3.6% [HR, 4.41 (per log unit rise in IU/L); P < 0.0001] of the survival variability in the chemotherapy-pretreated and -na€ ve patients, respectively. Although baseline albumin was a significant prognostic factor for chemotherapy-pretreated patients [HR, 0.36 (per unit increase in g/dL); P < 0.0001], it was not significant for chemotherapyna€ ve patients. Conversely, baseline hemoglobin was found to be significantly associated with OS for chemotherapy-na€ ve patients [HR, 0.86 (per unit increase in g/dL); P ¼ 0.0008], but not chemotherapy-pretreated patients. In addition, lower baseline body weight was associated with poorer survival prognosis for chemotherapy-pretreated patients [HR, 0.88 (per 10 kg increase in weight); P < 0.0001], whereas older age was a risk factor for chemotherapy-na€ ve patients [HR, 1.34 (per 10 years increase in age); P < 0.0001]. As expected, the chemotherapy-pretreated patients with a baseline Eastern Cooperative Oncology Group (ECOG) score of 2 had higher risk than those with an ECOG score of 0 or 1 (HR, 2.01; P < 0.0001). There was no statistically significant difference in the risk between an ECOG score of 0 or 1 in either population. Finally, time since prior chemotherapy (HR, 0.99; P ¼ 0.03) was marginally significant for the chemotherapy-pretreated patients, explaining only 0.18% survival variability after adjusting for other prognostic factors.
The predicted survival curves based on the PSA-survival models matched the observed Kaplan-Meier curves (Fig. 1 ).
Treatment effect after adjusting for PSA kinetics
The HRs, 95% confidence intervals (CI), and P values for the treatment effect of AA after adjusting for the tested PSA kinetic endpoints are presented in Table 4 for chemotherapy-pretreated and -na€ ve patients. On the basis of the data from chemotherapy-pretreated patients, the effect of AA on survival was no longer statistically significant (P > 0.05) after adjusting for the majority (10 of 14) of the PSA endpoints. For modelpredicted PSA nadir, PSA value at end of treatment, !90% PSA response rate at week 12, and !90% observed PSA response rate, the OS were found to be marginally associated with AA ) was 28% and 34.5% for the Cox PH models for chemotherapy-na€ ve and chemotherapy-pretreated patients, respectively. The concordance indices (C-index) of the final models for chemotherapy-na€ ve and chemotherapy-pretreated patients were 0.79 and 0.81, respectively. Partial R 2 (%) ¼ partially explained variability in survival time for corresponding variables, calculated as relative gain in prediction accuracy after including the respective variable in the multivariate Cox PH model. treatment after adjusting for those PSA endpoints. For chemotherapy-na€ ve patients, the treatment effect was no longer significant for OS after adjusting for eight of the 14 PSA endpoints. After adjusting for the other six PSA endpoints (four PSA progression measures, time to PSA nadir, and PSA nadir), an opposing treatment effect (i.e., HR >1) was observed. All of the PSA response rate endpoints [modelpredicted PSA response rates (!30, 50, and 90%) at week 12 and observed PSA response rate (!30, 50, and 90%)] explained all of the variability in OS due to treatment effect in chemotherapy-na€ ve patients, while model-predicted !30 and 50% PSA response rates at week 12 and observed !30 and 50% PSA response rate explained the treatment effect on OS in chemotherapy-pretreated patients. The good predictive performance of the PSA response rates is further illustrated in Supplementary Fig S2. Association between PSA kinetics and rPFS in COU-AA-302 Table 5 presents the HR, P values, R 2 , and concordance index for each PSA endpoint in the univariate Cox PH models for chemotherapy-na€ ve patients. All of the PSA endpoints were also strongly associated with rPFS (P < 0.0001). The PSA endpoints generally explained more variability in rPFS than in OS, as evidenced by higher R 2 and concordance between the PSA endpoints and rPFS.
Discussion
OS is frequently considered the gold standard to assess the outcome of anticancer therapies, though it often requires a long follow-up and can be confounded by the availability of other active therapies. In conjunction with survival analysis, pharmacodynamic tumor growth models have been developed and used for non-small cell lung cancer (23) , colon cancer (21, 23) , and PSA progression defined by PSAWG1; defined as a 50% increase in PSA above nadir for patients who experienced a PSA decline of 50% on treatment, a 25% increase in PSA above nadir for patients who experienced a PSA decline <50% on treatment, and a 25% increase in PSA above starting baseline for patients who did not experience any PSA decline on treatment-provided in each case that the PSA increase was at least 5 ng/mL (28) . b PSA progression defined by PCWG2; defined as a rising PSA that is greater than 2 ng/mL higher than the nadir; the rise has to be at least 25% over nadir, and the rise has to be confirmed by a second PSA measurement obtained at least 3 weeks later (29) .
c Based on observed data. PSA progression defined by PSAWG1; defined as a 50% increase in PSA above nadir for patients who experienced a PSA decline of 50% on treatment, a 25% increase in PSA above nadir for patients who experienced a PSA decline <50% on treatment, and a 25% increase in PSA above starting baseline for patients who did not experience any PSA decline on treatment-provided in each case that the PSA increase was at least 5 ng/mL (28) . b PSA progression defined by PCWG2; defined as a rising PSA that is greater than 2 ng/mL higher than the nadir; the rise has to be at least 25% over nadir, and the rise has to be confirmed by a second PSA measurement obtained at least 3 weeks later (29) .
breast cancer (23, 31) to predict the impact of drug activity on survival and to examine study designs before the start of expensive trials. Therefore, methods of connecting treatment use and exposure to survival outcomes early on may benefit the therapeutic decision-making process. As the mechanism of action of abiraterone involves the disruption of androgen signaling, PSA kinetics is a rational readout for patient outcomes, further validated by similar associations observed between PSA and OS in chemotherapy-pretreated and -na€ ve patients in this analysis, and by good predictive performance of survival outcome with PSA as the intermediate biomarker.
Although surrogacy of PSA metrics as a clinical endpoint has not been established (10) (11) (12) (13) , PSA is routinely used as an intermediate biomarker, and posttreatment changes in PSA have been associated with OS in mCRPC clinical trials (26, 27, 29, (32) (33) (34) (35) (36) . Current survival models confirm that PSA kinetics are an intermediate endpoint predictive of OS in both chemotherapy-pretreated and -na€ ve patients with mCRPC following AA administration. Multiple commonly used PSA summary measures can be derived from longitudinal measurements. It is not surprising that PSA endpoints that include later progression phase (e.g., PSADT) tend to have stronger correlation with OS as they may carry richer and more complete prognostic information for survival. However, the time needed to capture the later progression phase is usually quite long and does not allow for an early readout. Although PSA response endpoints represent only part of the information available in the longitudinal data (e.g., the initial declining phase due to treatment; refs. 10, 12), they may provide early indication of magnitude of long-term survival benefit. The current analysis suggests that the PSA response endpoints were sufficient to explain the variability in OS due to the treatment effect (Table 4 and Supplementary Fig. S1 ) although their correlation with OS was not as strong as that of PSADT and time to PSA progression ( Table 2 ). PSA response rates have been utilized as an early readout of clinical benefit at interim/futility analysis of phase III clinical trials for novel investigational agents for treatment of patients with metastatic prostate cancer (37) . It should be mentioned that early PSA flare/rise may occur in some patients after AA treatment (38) . PCWG2 recommends evaluating PSA response after 12 weeks (29) . The model-based analysis generated additional useful data for further evaluation of PSA surrogacy using meta-analysis. The PSA kinetic model suggests a similar treatment effect on PSA kinetics for patients with different treatment experiences (chemotherapy-pretreated vs. -na€ ve). The treatment effects on OS were also similar for the chemotherapypretreated (HR, 0.65; 95% CI, 0.54-0.77; P < 0.0001; ref. 7) and -na€ ve (HR, 0.75; 95% CI, 0.61-0.93; P ¼ 0.0097) patients (9) , indicating that PSA kinetics may have value as a surrogate endpoint (18) .
Prentice has proposed a set of statistical conditions ("Prentice criteria"; ref. 26 ) for demonstrating surrogacy using data from a single study. This includes the caveats that the treatment must have a statistically significant effect on the biomarker endpoint and on survival; the biomarker endpoint must be statistically significantly prognostic for survival; and, in a multivariate model, there must not remain a statistically significant treatment effect on survival when the model is adjusted for the biomarker endpoint. Significant treatment effects were found on survival in both chemotherapy-pretreated and -na€ ve populations, consistent with previous analyses (7, 9) . The current analysis demonstrated a significant, similar treatment effect of AA on 31 PSA kinetics in the two populations, and revealed a strong association between PSA kinetics and survival in both populations. Also, the effect of AA on survival was no longer statistically significant after adjusting for most PSA kinetic endpoints in both studies. Therefore, the Prentice criteria were met for those PSA endpoints in both chemotherapy-pretreated and -na€ ve populations.
In a recent analysis of the TROPIC trial, a phase III trial of cabazitaxel in patients with mCRPC with prior docetaxel exposure, Halabi and colleagues noted that PSA kinetics (e.g., !50% PSA declines) failed to satisfy the Prentice criteria (14). Halabi and colleagues explained that the benefit of cabazitaxel in improving OS may not be mediated through PSA-dependent mechanisms. As a direct inhibitor of androgen biosynthesis rather than a cytotoxic chemotherapy, abiraterone may have a more PSAdependent mechanism than cabazitaxel, as PSA kinetics may be related to activity at the androgen receptor (17) . In other words, changes in PSA kinetics may be a direct consequence of the clinical activity of AA. Our analysis of the Prentice criteria further supports this hypothesis regarding the PSA-dependent mechanism of abiraterone.
In chemotherapy-na€ ve patients, a significant, but opposite treatment effect (i.e., HR >1) remained after adjusting for six PSA endpoints (four PSA progression measures, time to PSA nadir, and PSA nadir), indicating that these PSA endpoints may slightly overpredict the treatment effect in COU-AA-302. For example, Fig. 1 shows that the treatment effect was slightly overpredicted by PSADT between days 200 and 600 in COU-AA-302. The treatment effect on OS in COU-AA-302 might be confounded by switching therapies after radiographic progression, since more patients in the prednisone arm (74%) than in the abiraterone arm (59%) received subsequent therapies. The use of subsequent therapies may reduce the size of the expected effect of the therapies being evaluated (7, 9, 39, 40) and therefore may explain the model overprediction and the opposite treatment effect after adjusting for some PSA endpoints.
rPFS by PCWG2 criteria has been commonly used as a key endpoint in recent phase III trials (41) . Along with OS, rPFS was the coprimary endpoint in study COU-AA-302 (9, 41, 42) . Previous analysis of COU-AA-302 data has shown a strong, positive correlation (0.72) between rPFS and OS using Spearman correlation coefficient estimated through the Clayton copula, which takes censoring into account (41) . A recent study suggested that rPFS was significantly associated with OS in patients with mCRPC receiving first-line docetaxel-based chemotherapy or post-docetaxel therapy (43) . Our present analysis also suggests that PSA kinetics had a stronger association with rPFS than with OS. Therefore, PSA kinetics (e.g., PSA response rates) could be an early indication of long-term clinical benefit for both rPFS and OS.
In summary, we identified a consistent effect of AA on PSA kinetics and strong associations between PSA kinetics and OS in chemotherapy-pretreated and -na€ ve patients. Simulations showed that the PSA-survival model could reasonably predict the survival outcome in studies COU-AA-301 and COU-AA-302. These results support the use of PSA as a bridging endpoint to determine survival benefit following AA treatment. Furthermore, this model-based analysis suggests that similar models may be useful for predicting the treatment effect of other prostate cancer agents that exert their antitumor activity through PSA-dependent mechanisms.
